C0,-limited chemostat cultures of Thiobacillus neapolitanus excreted 13 -5 nmol glycollate min-' (mg protein)-'. This confirmed the earlier finding that glycollate excretion by T. neapolitanus is dependent on the CO,/O, ratio applied in the chemostat and thus is probably due to the oxygenase activity of D-ribulose-1,5-bisphosphate (RuBP) carboxylase. RuBPdependent oxygen uptake and activity of phosphoglycollate phosphatase were demonstrated in cell-free extracts of T. neapolitanus.
min-' (mg protein)-'. This confirmed the earlier finding that glycollate excretion by T. neapolitanus is dependent on the CO,/O, ratio applied in the chemostat and thus is probably due to the oxygenase activity of D-ribulose-1,5-bisphosphate (RuBP) carboxylase. RuBPdependent oxygen uptake and activity of phosphoglycollate phosphatase were demonstrated in cell-free extracts of T. neapolitanus.
Thiobacillus neapolitanus was able to metabolize exogenous glycollate only to a limited extent. The proportion of dry weight that was derived from [l-14C] glycollate by both C0,-and thiosulphate-limited chemostat cultures was only 0.7 % of the total. Short-term labelling experiments with [ l-14Clglycollate and enzyme studies indicated that T. neapolitanus can metabolize glycollate via two pathways. The enzymes of the glycine-serine pathway were demonstrated in cell-free extracts, but on the basis of kinetic experiments it was concluded that this pathway does not play a major role in glycollate metabolism. Malate was the major primary labelling product. Glyoxylate, formed from glycollate, may be incorporated into malate via malate synthase, which was detected in cell-free extracts of T. neapolitanus.
The activities of the enzymes needed for the metabolism of glycollate were independent of growth conditions applied in the chemostat. The results are discussed in relation to the possible causes of obligate chemolithotrophy .
I N T R O D U C T I O N
It is generally accepted that glycollate production by autotrophs is principally due to the oxygenase activity of D-ribulose-1,5-bisphosphate carboxylase (RuBP oxygenase) (for reviews, see Jensen & Bahr, 1977; Chollet, 1977; Beck, 1979) . Glycollate is often found as an excretion product not only of photoautotrophs but also of some chemolitho(auto)trophs. The hydrogen-oxidizing bacterium Alcaligenes eutrophus excreted glycollate during H, oxidation (Codd et al., 1976) and glycollate excretion by the obligate chemolithotroph Thiobacillus neapolitanus was found during growth in a thiosulphate-limited chemostat at various dilution rates (Cohen et al., 1979) . Glycollate excretion rates increased with decreasing ratios of supplied CO,/O,, indicating that glycollate production by T. neapolitanus was also due to the RuBP oxygenase activity. The reason why glycollate is excreted by this organism rather than metabolized is unknown. In the course of our studies it became clear that T. neapolitanus was able to metabolize glycollate to a limited extent. The possibility of a metabolic bottleneck for glycollate metabolism was investigated by studying glycollate metabolism by T. neapolitanus in detail.
195 1). The kinetics of [ l-'4Clglycollate assimilation were determined using thiosulphate-and NH:-limited cells taken from the chemostat. A 20 ml sample (3-2 mg dry wt ml-l) of washed cells was suspended in fresh growth medium. After 5 min aeration and equilibration at room temperature, 72 pg sodium glycollate was added, this being the amount calculated to be used by the cells during 5 min. After another 5 min, 100 pmol glycollate, containing 31.4 pCi [l-14Clglycollate in 1.6 ml, were added, and 2 ml samples were then removed at short intervals into 8 ml ethanol, which killed the organisms instantly.
The samples were extracted overnight at room temperature. After centrifugation the pellets were washed twice with 50% (v/v) ethanol and the combined supernatants were rotary evaporated at 35 "C. Portions of about 100 p.l of these concentrated samples were placed on cellulose thin-layer plates (Merck). The plates were sprayed with pyridine buffer (pyridine/acetic acid/water, 1 :7 : 92, by vol.; pH 4) and placed in a Pherograph high-voltage electrophoresis apparatus. The samples were separated for 80 min at 1000 V in pyridine buffer. After drying the plates overnight separation was effected in a second dimension by thin-layer chromatography (t.1.c.) in a mixture of 2-butanol/formic acid/water (6 : 1 : 2, by vol.) until the front was 10 cm from the origin. The plates were dried for 2 h and the t.1.c. was repeated until the front was within 4 cm of the top.
Before the plates were overlaid with X-ray film the very active spot of unused ['4Clglycollate was scraped off. The plates were kept on X-ray film for 4 weeks and the location and identification of the products were performed according to Schiirman (1969) . Radioactivity in the spots was determined by standard scintillation counting after scraping the material from the plates.
Enzymes. Cell-free extracts were made according to Kuenen & Veldkamp (1973) using the buffer appropriate to the particular enzyme assay. Dithiothreitol (DTT) was always added to the buffers at a concentration of 1 mM.
Assays for glyoxylate-glutamate aminotransferase (glycine aminotransferase; EC 2.6.1,4), serine transhydroxymethylase (EC 2.1.2. I), glycerate kinase (EC 2.7.1.3 1) glyoxylate carboligase (tartronic semialdehyde synthase; EC 4 . 1 . 1 .47), tartronic semialdehyde reductase (EC 1 .1 . 1 .60), hydroxypyruvate reductase (EC 1 . 1 . 1 .8 1) and the formation of glycerate from serine were carried out according to Codd & Stewart (1 973 Sahl & Triiper (1977) . The effect of acetyl CoA was tested by adding 10 pl acetyl CoA (10 pmol ml-l) to the reaction mixture. The activities were expressed in terms of phosphoenolpyruvate-and pyruvate-dependent CO, fixation. Rates of CO, fixation were always linear with time.
The oxygenase activity of ~-ribulose-1,5-bisphosphate carboxylase (RuBP oxygenase) (EC 4 . 1 . 1 .39) was assayed following the procedure of Lorimer et al. (1977) . The amount of CO, in the reaction mixture was determined in the inorganic channel of a total organic carbon analyser (Beckman). A Ki(COJ of 17 p~ was assumed (Jensen & Bahr, 1977) . Phosphoglycollate phosphatase (EC 3.1.3.18) was assayed according to Codd et af. (1976) , and glyoxylate reductase (EC 1.1.1.26) activity according to Saxena & Vishniac (1 970) .
Malate synthase (EC 4.1.3.2) was assayed in a 1 ml reaction mixture containing 10 rnM-Tris/HCl (pH 8.0), 0.2 m~-5,5'-dithiobis(2-nitrobenzoic acid) in 10 mM-Tris/HCl (pH 8.0) 0.012 mM-acetyl CoA, 10 m~-MgCl,, 4 mM-glyoxylate, and cell-free extract (up to 2 mg protein). The glyoxylate-dependent increase in A 4 1 2 was taken as Protein determination. Protein in cell-free extracts was determined by the method of Lowry, using bovine serum albumin as a standard with appropriate corrections for Tris and DTT when these were present in buffers. The method of Bradford (1976) gave virtually the same results as the Lowry method and was used in the later studies with extracts containing compounds which interfere in the Lowry method.
Contamination with other bacteria. Cultures were frequently checked for contaminants as described by Kuenen & Veldkamp (1973) .
Glycollate determination. Various compounds interfered with the Calkins method for the determination of glycollate (Lewis & Weinhouse, 1957 ) and a gas-chromatographic procedure was used instead (obtained from Dr M. Blaauwboer). Supernatant liquids (500 ml) of steady-state cultures were filtered through a G5 glass filter (1.0-1.7 pn pore size; Schott & Gen, Mainz, F.R.G.). Salts were removed by passing the filtered supernatant liquid through an Amberlite IR-120 column (H + form) and subsequently through an Amberlite IRA-440-8 column (OH-form), from which the organic acids were obtained by elution with 1 M-HC~. The eluate was brought to pH 13 with NaOH and then freeze-dried. The lyophilized residue was propylated by adding 0.2 ml propanol saturated with gaseous HCI and 0.8 ml pentane. This mixture was heated for 20 min at 100 O C in a closed screw-cap tube. After cooling, 1 ml saturated (NH,),SO, was added to the propylated mixture. The pentane fraction (upper layer) was dried with Na,SO, (stored at 105 "C). The dry pentane fractions were kept at -20 "C.
The propylated organic acids were determined by gas-liquid chromatography using a Packard Becker 42 1 gas chromatograph with a flame ionization detector equipped with temperature programming. A glass column packed with 5 % diethylglycoladipate (DEGA) on 80-100 mesh Chromosorb W-AW incorporated with 0.5 % H3P0, was used as a stationary phase. The column was left overnight at 200 OC before use. The injection volume was 9 pl. Initially the column was kept at 70 OC for 2 min, after which the temperature was increased to 190 "C at a rate of 5 OC min-', and maintained at this temperature for 2 min. The oven and column were cooled for 10 min between runs. The temperatures of the injection ports and detection chamber were maintained at 180 OC and 240 "C, respectively. Nitrogen was passed through the column at a flow rate of 30 ml min-I. Adipic acid was used as an internal standard and was added to the sample to a concentration of 1 mM.
In later experiments glycollate was also detected using glycollate oxidase (Sigma). Mass spectrometry was carried out using a Sinnigan 3300 mass spectrometer. Chemicals All radioisotopes were purchased from Amersham. RuBP, phosphoglycollate (tri(cyclohexy1ammonium) salt], tetrahydrofolate, D-glycerate and hydroxypyruvate were obtained from Sigma. Acetyl CoA was from Fluka, Buchs, Switzerland. Nicotinamide nucleotides, PEP, malate dehydrogenase and pyruvate kinase were bought from Boehringer. DEGA and Chromosorb W-AW came from Chrompack, Middelburg, The Netherlands. All other chemicals were of analytical grade (Merck or BDH).
R E S U L T S
Glycollate production by 7'. neapolitanus was studied in cultures grown in the chemostat at a fixed dilution rate of 0.07 h-I under thiosulphate or CO, limitation and at different dissolved oxygen concentrations. Glycollate was the major excretion product under the conditions tested. It was identified and quantified by gas chromatography and subsequent mass spectrometry. The results obtained (Table 1) confirm and extend earlier findings (Cohen et al., 1979 ) that glycollate excretion is dependent on the O,/CO, ratio in the culture. Under CO, limitation about 27% of all the carbon fixed was excreted as glycollate. The earlier supposition (Cohen et al., 1979) that glycollate production by T. rzeapolitanus is due to the oxygenase activity of RuBP carboxylase is supported by the fact that RuBP-dependent oxygen uptake as well as phosphoglycollate phosphatase activity could be demonstrated in cell-free extracts (Table 2) . It should be noted that an almost constant ratio of RuBP oxygenase to RuBP carboxylase activity was found under the different growth conditions.
The increased RuBP oxygenase activity under CO, limitation ( Table 2 ) is in agreement with the increased RuBP carboxylase activity under CO, limitation (Beudeker et al., 1980) . The glycollate excretion rate (Table 1) also correlated with the RuBP oxygenase activity. Though phosphoglycollate phosphatase showed lower activity during CO, limitation, compared with thiosulphate limitation, this activity in vitro was still high enough to account for the glycollate excretion rate during CO, limitation ( Table 1) . To investigate whether T. neapolitanus was able to metabolize glycollate, the incorporation of [ l-'4C]glyc~llate into high molecular weight material was measured in continuous culture. The contribution of [l-'4Clglycollate to total cell carbon was 1.5% during steady state conditions, assuming that the carbon content was 50%, and the protein content of the cells was 60% of the dry weight, respectively (Kuenen, 1979) . Under CO, limitation, during which the glycollate excretion rate was much higher than under thiosulphate limitation (Table l) , virtually the same level of incorporation of glycollate into high molecular weight material was observed. Both C0,-and thiosulphate-limited cells incorporated 0.7 nmol glycollate min-' (mg protein)-'. The glycollate incorporation rate into high molecular weight material was calculated from the growth rate (= dilution rate) and the protein content of the culture.
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The limited metabolism of glycollate by T. neapolitanus might be due to insufficient activities of enzymes of glycollate metabolism. To investigate this possibility the metabolic pathway for glycollate was examined by short-term labelling experiments, and assays for the relevant enzymes. Short-term labelling experiments were carried out with steady-state cells from both NHt-and Eosdphate-limited cultures. It should be noted that during N H t limitation glycollate was not excreted by T. neapolitanus (D = 0.07 h-'; dissolved oxygen concentration, 50 % of air saturation). The [ l-14Clglycollate short-term labelling pattern for NHf-limited cells is shown in Fig. 1 . After 7 s of labelling, malate accounted for the highest percentage of the 14C incorporated (30% of the total label on the t.1.c. plate). The kinetics of malate labelling were typical for a primary product. The percentage of label in citrate (+ glycerate) varied between 15 and 32%. The principal labelled amino acids were glutamate and aspartate. Although spots of glycine and serine were easily detectable on the chromatograms by spraying with ninhydrin, no radioactivity was found in these compounds until after 50 s of labelling. Phosphoglycerate and sugar phosphates were also among the early labelling products. Trace amounts of I4C were detected in PEP, alanine and sucrose (results not shown). The kinetics of [ 1 -I4C lglycollate assimilation by thiosulphate-limited cells were very similar to those of NHt-limited cells (results not shown). Malate and citrate (+ glycerate) were the major early labelling products. In contrast to NHa-limited cells, alanine was the principal amino acid labelled in thiosulphate-limited cells. Some radioactivity could be detected in serine and glycine; after 10 s of labelling these amino acids together accounted for 6 % of the label found on the chromatogram but in later samples no label could be found in these compounds.
Following the short-term labelling experiments, enzyme studies were carried out with extracts from thiosulphate-and NHt-limited cultures to obtain further information on possible routes of glycollate metabolism, including the glycine-serine pathway and the glycerate pathway to tartronic semialdehyde (Table 3) . Cell-free T. neapolitanus extracts catalysed the oxidation of glycollate to glyoxylate. The activity of the glycollate-oxidizing enzyme was identical with D-lactate or glycollate as a substrate. With L-lactate as a substrate no activity could be observed. Cyanide ( 1 mM) inhibited the enzyme activity completely. According to Tolbert (1976) the glycollate-oxidizing enzyme of T. neapolitanus can thus be termed a glycollate dehydrogenase. Glyoxylate reductase activity was readily detectable in cell-free extract of 7 ' . neapolitanus (Table 3) .
Maximal rates of glycine formation from glyoxylate were found in the presence of fresh cell extracts plus glutamate as amino donor (Table 4) . Alanine was also effective. Although the presence of cell extract was required for high activity, boiling the extract for 10 min had little inhibitory effect ( Table 4) . The net fresh extract plus glutamate-dependent reaction rates for glyoxylate transamination are given in Table 3 . Maximum glycine-serine interconversion rates with extracts of thiosulphate-limited cells were obtained with addition of pyridoxal phosphate and tetrahydrofolate. Extracts of NHa-limited cells showed comparable results (Table 3 ). The deamination of serine to hydroxypyruvate followed by reduction to gly cerate consistently showed very low activity (Table 3) whilst the reduction of hydroxypyruvate to Table 3 for the absolute activity.
glycerate was easily detectable. It should be noted that hydroxypyruvate reduction can be catalysed by glyoxylate reductase (Bamforth & Quayle, 1977) . Extracts of T. neapolitanus were also able to convert glycerate into pyruvate when ATP, Mg2+, PEP and pyruvate kinase were added to the assay system, which is an indication of glycerate kinase activity. These data indicated that T. neapolitanus extracts were able to convert glycollate to phosphoglycerate via the glycine-serine pathway. If, however, this pathway had been the major pathway of glycollate metabolism, then the percentage of label in glycine and serine would have exceeded that in malate at the shortest time interval. This was not observed with either NHt-limited or thiosulphate-limited cells (see Fig. 1 ). An alternative way to metabolize glyoxylate is via the so-called glycerate pathway which has been shown to be operative, for example, in Thiobacillus novellus (Chandra & Shethna, 1977) and Anabaena cylindrica (Codd & Stewart, 1973) . In this pathway two molecules of glyoxylate are condensed to tartronic semialdehyde (TSA) and CO, by glyoxylate
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carboligase. The semialdehyde is further reduced to glycerate by TSA reductase. Extracts of T. neapolitanus from NHt-and thiosulphate-limited cultures were repeatedly assayed for glyoxylate carboligase activity, but did not show any enzymic glyoxylate decarboxylation activity under anaerobic conditions (though [ 1 -14C Iglyoxylate was decarboxylated to a very limited extent by chemical conversion). The reaction product tartronic semialdehyde could not be detected during this assay but was easily detected when the assay was performed using cell-free extracts of glycollate-grown Escherichia coli. Braun & Kaltwasser (19 79) have reported the enzymic tautomerization of TS A to hydroxypyruvate in Bacillus fastidiosus. Such an enzyme reaction could not be detected in cell free extracts of T. neapolitanus from NHf-or thiosulphate-limited cultures. TSA produced in the assay for glyoxylate carboligase by glycollate-grown E. coli could not be reduced to glycerate by cell free extracts of T. neapolitanus (Table 3) . Enzymic evidence for the metabolism of glyoxylate to malate (see Fig. 1 ) was sought. Though the obligate chemolithotroph T. neapolitanus does not possess an active glyoxylate cycle (Kelly, 1971 ) activity of malate synthase could be detected in terms of the glyoxylate-dependent -formation of CoA from acetyl CoA, measured colorimetrically with 5,5'-dithiobis(2-nitrobenzoic acid) ( Table 3) . Kelly (1 967) showed that addition of 12-14C]acetate to extracts of T. neapolitanus containing glyoxylate, CoA and ATP resulted in the formation of labelled malate, which is another indication for malate synthase activity in this organism.
The appearance of 14C from [ 14C]glycollate in citric acid cycle and related compounds suggests the possible participation of P-carboxylating enzymes, and tests were carried out for the presence of PEP carboxylase and pyruvate carboxylase. PEP-dependent HI4CO fixation into acid-stable material only showed activity when NADH and malate dehydrogenase were added to the assay mixture. Acetyl CoA did not stimulate the activity of extracts of thiosulphate-limited cells but did stimulate the enzyme activity of NHt-limited cells twofold ( Table 3) . The K , for the activation of the enzyme by acetyl CoA may be very low, as has been shown for the Thiobacillus thiooxidans enzyme (Hoban & Lyric, 1975) . NHt-limited cells probably contain less acetyl CoA (a nitrogen-containing compound) than thiosulphatelimited cells. As the assay was carried out on crude extracts which had not been dialysed, this could explain the lack of stimulation of PEP carboxylase activity in thiosulphate-limited cells. Addition of ADP to the assay mixture increased the PEP-dependent Hl4CO3 fixation rate about twofold indicating the activity of a PEP carboxykinase in extracts of T. neapolitanus (Table 3) . Pyruvate-dependent H 14C03 fixation into acid-stable material could also be detected in extracts of T. neapolitanus (Table 3) .
D I S C U S S I O N
The possible pathways of glycollate metabolism by 7 ' . neapolitanus are summarized in Fig.  2 . Our results clearly indicate that glycollate is rapidly metabolized via glyoxylate to malate and further into citric acid cycle products. Alanine, the main amino acid labelling product in thiosulphate-limited cells, may have become radioactive by amination of pyruvate which in turn may have been formed from malate by malic enzyme (Johnson & Abraham, 1969) . High alanine dehydrogenase activity was detected in cell-free extracts of thiosulphate-limited cells (Table 3 ), but this enzyme was undetectable using NHf-limited cells. This seems to rule out both the serine pathway and the P-hydroxyaspartate pathway (Kornberg & Morris, 1963) , as important routes for glycollate metabolism in T. neapozitanus. The glycine-serine pathway plays an important role in the metabolism of glycollate in higher plants and algae (see Tolbert, 1979) . Low activities of some enzymes of the glycine-serine pathway have also been detected in Methylococcus capsulatus (Bath) which has been explained by suggesting an important role of this pathway in the recycling of phosphoglycollate formed by RuBP
(34 l(4) (10) f (13)kAcetyl CoA 4 10) oxygenase (Colby et al., 1979; Taylor et al., 1981) . However, the possibility remains that in T. neapoEitanus the enzymes of this pathway may have another function. There appears to be no correlation between the applied growth limitation and activities of enzymes involved in glycollate metabolism, though glycollate is excreted during thiosulphate limitation, whereas it is not during NHt-limitation. These usually identical enzyme activities during different growth conditions (with different glycollate excretion rates) indicate the inability of the organism to increase enzyme activities needed for the metabolism of glycollate. This becomes even more clear when the glycollate incorporation rates are taken in account.
During CO, limitation (when glycollate excretion is high; Table 1 ) the glycollate incorporation rate is very similar to that during thiosulphate limitation (when the glycollate excretion rate is low).
This study of glycollate metabolism in the obligate chemolithotroph T. neapolitanus is particularly interesting in the light of theories concerning the causes of obligate chemolithotrophy. Organisms like T. neapolitanus use CO, as the major carbon source under normal growth conditions and possess only a very limited ability to assimilate organic compounds (Kelly, 1971; Kuenen & Veldkamp, 1973) . A generally observed phenomenon is that in these organisms, in contrast to facultative chemolithotrophs, activities of enzymes of pathways available for the metabolism of exogenous organic compounds are never induced in response to the presence of the substrate in the medium. This limited ability to metabolize organic compounds has often been attributed to limited transport capacity of the membrane for organic compounds (Rittenberg, 1969; Kelly, 1971; Smith & Hoare, 1977; Matin, 1978) . A consequence of this hypothesis would be that intracellular concentrations of organic substrates might not become high enough to induce enzymes for their own metabolism. If this were true one would expect that enzymes for the metabolism of glycollate which are present at very low activity in T. neapolitanus would be induced under conditions of high intracellular glycollate production. As shown above this appeared not to be the case.
Glycollate metabolism by T. neapolitanus results in labelling of several important biosynthetic intermediates (Fig. 1) and thus may be able to substitute for CO, as a principal carbon source. However, since the thiobacilli occur predominantly at the interface of oxygen and reduced sulphur compounds, glycollate formation, a process favoured by high oxygen tensions, will only occur to a limited extent. Glycollate excretion cannot be detected at low oxygen tensions (Table 1) . It seems reasonable to assume that under the normal natural Glycollate metabolism in Thiobaciiius neapoiitanus 345 conditions for this type of organism the capacity for glycollate incorporation is sufficient to prevent excretion and that the maintenance of genetic and biosynthetic controls on the regulation of the glycollate pathway may consume more energy than the temporary loss of organic carbon.
Glycollate excretion does not take place in NH,f-limited T. neapozitanus cultures. Under these growth conditions the rate of respiration per unit dry weight is 20% higher than in thiosulphate-limited cells. It is possible that the intracellular dissolved oxygen concentration is lower in NHt-, than in thiosulphate-limited cells. The respiration of thiosulphate may, in this way, provide a mechanism to keep a low intracellular oxygen concentration, which could result in a reduction of RuBP oxygenase activity compared with RuBP carboxylase activity. This would explain why glycollate has not been found in NHZ-limited cells. This mechanism for reducing the internal oxygen concentration by respiration is known for Azotobacter species (Postgate, 1974) .
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